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ABSTRACT
Magnetization reversal in a permanent magnet takes place through multiple and simultaneous events of nucleation and domain wall depin-
ning. Thus, detection and analysis of elemental magnetization reversal events are essentially important to understand the coercivity mecha-
nism of a permanent magnet. In this study, we have fabricated a micro-patterned Nd-Fe-B hot-deformed magnet using mechanical polishing
and focused ion beam, and anomalous Hall effect (AHE) detection has been adopted to measure the magnetization reversal of the sample.
During the micro-patterning process, the degradation of magnetic property is carefully evaluated. Consequently, the micro-patterned Nd-Fe-
B hot-deformed magnet with the thick of 5 μm and the width of 13 μm is fabricated, and subsequently, the discrete steps on the AHE curve are
successfully detected. The magnetization reversal unit size estimated from the step height is ∼1 μm2, which is almost the same as observed in
the magneto-optical Kerr microscopy. We have clearly demonstrated that this technique has significant potential to study the physical nature
of elemental magnetization reversal events in permanent magnets.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129830., s
I. INTRODUCTION
Since Nd-Fe-B magnets exhibit the highest maximum energy
product (BH)max among all of permanent magnetic materials,1,2 they
have been utilized for various applications including traction motors
of electric/hybrid vehicles.3,4 The coercivity of Nd-Fe-B magnets,
however, has remained as small as about 1/3 of the anisotropy field.5
Solving this coercivity problem of Nd-Fe-B magnets is crucial for
further progress in electric/hybrid vehicle applications. For this pur-
pose, although a deeper understanding of the magnetization reversal
process is imperative, it is very difficult because the magnetization
reversal in Nd-Fe-B magnets takes place as multiple and simulta-
neous events of nucleation and domain wall depinning. Thus, we
believe that detecting these elemental magnetization reversal events
is a direct way to understand the magnetization reversal process of
Nd-Fe-B magnets.
The measurements of elemental magnetization reversal events
in Nd-Fe-B magnets such as the Barkhausen effect have been
attempted so far.6,7 This method, however, lacks quantitative
accuracy. A direct method to detect the elemental magneti-
zation reversal events in Nd-Fe-B magnets is to measure a
micro-scale magnet sample with a very high-sensitivity mag-
netic measurement. As one of this approach, it was reported
that a micro-patterned Nd-Fe-B magnet fabricated by a focused-
ion beam (FIB) was measured by an X-ray magnetic circu-
lar dichroism (XMCD) technique.8 The FIB fabricated Nd-Fe-B
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sample, however, regretfully lost its hard magnetic property due
to the damage during the FIB process. In fact, it is well known
that etching and/or polishing damages Nd-Fe-B sintered magnets
significantly.9–11
Contrary to the Nd-Fe-B sintered magnet, Nd-Fe-B hot-
deformed (HD) magnets have high tolerance for process damages
due to their very unique microstructure which consists of well
aligned small platelet grains with several hundreds nm in diameter
and several tens nm in thickness.12–18 The dominant magnetization
reversal process in Nd-Fe-B HD magnets is considered to be the
domain wall depinning through the studies of the detailed magneto-
optical Kerr (MOKE) microscopy observation19 and the energy bar-
rier analysis on coercivity.20 Thus, when a Nd-Fe-B HD magnet is
patterned into μm size range, it is highly expected to detect the ele-
mental steps of domain wall depinning. Moreover, anomalous Hall
effect (AHE) can be adopted for a sample of μm size range with suffi-
ciently high sensitivity21–23 because AHE resistance RAHE is inversely
proportional to the sample thickness but is insensitive to the sample
lateral size.
In this study, we have attempted to detect elemental steps of
domain wall depinning in a micro-patterned Nd-Fe-B HD magnet
using AHE detection technique. Firstly, MOKE microscopy obser-
vation was employed to recognize the magnetic domain structure of
the Nd-Fe-B HD magnet, and the target size of the micro-patterning
was discussed. Secondly, with carefully evaluating the process dam-
age, the Nd-Fe-B HD magnet was thinned and micro-patterned by
employing mechanical polishing and FIB processes. Consequently,
the elemental steps of domain wall depinning were successfully
detected.
II. EXPERIMENTAL
The sample used in this study is a standard Nd-Fe-B HD mag-
net with coercivity of 1.2 T. The magnetic domain structure of the
sample was observed by using MOKE microscopy of Evico Magnet-
ics19 for two samples having ab and c observing planes. The sample
shapes are a rod of 1.8 × 1.5 × 2.5 mm3 for ab observing plane and
a plate of 1.7 × 2.2 × 0.6 mm3 for c observing plane, respectively.
The surfaces of these observing planes were prepared by the mirror
polishing treatment.
The sample for the AHE measurements was fabricated as
schematically shown in Fig. 1(a). The Nd-Fe-B HD magnet was cut
out into a cube of 1 mm3 with one plane parallel to c-plane. After pol-
ishing the plane parallel to the c-plane, the surface was covered with
a Ta layer of 4 nm as an oxidation protection layer. Subsequently,
the sample was flipped backside up and was fixed on a glass sub-
strate, and it was thinned down to the thickness ranging from 100
to 5 μm by mechanical polishing. Then, a Ta layer of 4 nm again
deposited on it. A Pt layer of 10 nm was deposited as an electrode
on each of the four corners of the glass substrate, and the electrical
contact between the sample and the Pt electrode was made using Ag
paste. Finally, AHE cross-shaped micro-patterning was fabricated by
FIB with the center width ranging from 140 to 13 μm. The FIB pat-
terning was performed using the Ga ion beam of 30 kV and 45 nA
with the diameter of 3 μm. The AHE measurement was performed
with a current of 0.5 mA under the perpendicular field with respect
to the sample plane using a superconducting magnet of 9 T at a
maximum.
FIG. 1. (a) Schematic illustrations of the AHE cross micro-patterning procedure of
the Nd-Fe-B HD magnet. MOKE images of thermally demagnetized (b) ab- and (c)
c-planes, respectively.
III. RESULTS AND DISCUSSION
A. MOKE microscopy
Figures 1(b) and 1(c) show the MOKE images for the ab- and c-
planes of the thermally demagnetized states. The magnetic domain
is prolonged along the c-axis with the width of 1 ∼ 2 μm and the
length of about 30 μm. The white broken lines in Figs. 1(b) and 1(c)
represent the boundary of the original flake.24 The flake thickness is
about 10 μm perpendicular to the c-axis, thus, the magnetic domain
runs through some of the flake boundaries along the c-axis. Since it
has been reported that the Nd2Fe14B grains near the flake bound-
ary exhibit poor crystalline orientation,25 our micro-patterning has
to avoid the flake boundary. Therefore, the target thickness of the
micro-patterning is determined to be less than 10 μm. In the demag-
netization process, a reversed domain nucleated at a certain field
expands gradually as the demagnetizing field increases. From the
careful MOKE observation of demagnetization process (not shown
here), the sizes of the initial reversed domain and its expansion at
each field are evaluated to be (5 μm)2 and (1 ∼ 2 μm)2, respec-
tively. These results indicate that only one reversed domain could
exist in the detection area when the AHE cross is as small as 10 μm.
Thus, the lateral target size of the micro-patterning is determined to
be 10 μm.
B. AHE measurements
Figure 2(a) shows the AHE curves for the samples with various
thickness before the FIB patterning. Note that RAHE increases with
decreasing the thickness, and very high sensitivity is confirmed even
for the μm thickness range. The signal dispersion σ at the saturated
region is evaluated as 0.006 mΩ for the 5 μm thick sample, indi-
cating that the noise level of the AHE curve is σ/RAHE,sat = 0.0004,
where RAHE,sat is the saturation value of RAHE. The inset of Fig. 2(a)
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FIG. 2. (a) AHE curves of the samples of 100, 50, 10, 5 μm in thickness. Inset
of (a) shows the normalized AHE curves with respect to the saturation. (b) Cross-
sectional SEM image of the sample after mechanical polishing.
shows the normalized AHE curves. The AHE curve shape does not
change in the range from 100 μm to 10 μm. This fact indicates that
the effect of the surface damaged layer due to the mechanical polish-
ing is negligible in this thickness range. On the other hand, the AHE
curve for the thickness of 5 μm becomes narrower, and the coerciv-
ity decreases from 1.15 T to 0.8 T. This result suggests that the effect
of the surface damaged layer becomes significant for the thickness
of 5 μm. Figure 2(b) shows the cross-sectional SEM image of the
surface region. Platelet grains with the size of ∼300 nm in diameter
and ∼80 nm in thickness are confirmed whereas the crushed grain
region is found at the surface. This surface damaged layer thickness
is evaluated to be about 200 nm. Thus, the total thickness of the
surface damaged layers for both the top and bottom sides is about
400 nm, indicating that about 10% of 5 μm thick sample loses the
hard magnetic property. When the 10% topmost part of the AHE
curve is removed, the coercivity recovers to 0.95 T. As this value of
coercivity is slightly smaller than 1.15 T of much thicker samples,
the soft magnetic property of the surface damaged layer affects to
certain extent the magnetization reversal of the undamaged region
of the 5μm thick sample.
Figure 3(a) shows the optical microscopy image of the 5 μm
thick sample with the FIB patterned AHE cross of 13 μm width. The
AHE cross position denoted by the white broken line in Fig. 3(a)
is selected to avoid the flack boundary as much as possible. Fig-
ure 3(b) shows the AHE curves of unpatterned, 140 μm, and 13
μm AHE cross width samples. Note that the AHE curve shapes are
almost unchanged against the FIB patterning, indicating that the
damage of FIB patterning is negligible. The coercivity for the sam-
ple with 13 μm AHE cross width increases slightly as compared with
others. This may be attributed to the exclusion of the flake bound-
ary inside the AHE cross. Moreover, the discrete steps are observed
in the AHE curve of the sample with 13 μm AHE cross width as
shown in Figs. 3(c) and 3(d). These are the enlarged AHE curve
of the sample with13 μm AHE cross width for the nucleation and
the coercivity regions, respectively. In particular, the very large steps
are observed for the nucleation region. As mentioned above, this
region is the magnetization reversal of the surface damaged layer,
indicating that the somewhat lager domains are formed in the sur-
face damaged layer. On the other hand, many small steps are found
near the coercivity region. The step height with respect to RAHE,sat
near the coercivity region is about 0.002, which is still much larger
FIG. 3. (a) Optical microscopy image of the 5 μm thick sample with AHE cross
width of 13 μm. (b) AHE curves of the unpatterned 5 μm thick sample and the
FIB pattered one with AHE cross width of 140 μm and 13 μm. (c) and (d) are
the enlarged AHE curves of the sample with AHE cross width of 13 μm for nucle-
ation and coercivity regions, respectively. Triangle marks in (c) and (d) indicate the
remarkable discrete steps.
than the noise level of σ/RAHE,sat = 0.0004. Thus, it can be con-
cluded that these steps correspond to the elemental steps of the
domain wall depinning of the Nd-Fe-B HD magnet. If a vertically
running domain wall as the MOKE microscopy images of Fig. 1(b)
remains in the micro-patterned sample, the step heights with respect
to RAHE,sat of 0.05, 0.01, and 0.002 observed the nucleation and coer-
civity regions correspond to the magnetization reversed area of (2
μm)2, (0.9 μm)2, and (0.4 μm)2, respectively. These values of the
magnetization reversal areas are well consistent with those observed
in the MOKE microscopy.
Finally, the removal of the surface damaged layer was tried.
Ar-ion etching was employed to the 5 μm thick sample in which
the coercivity reduction was significant. Figures 4(a) and 4(b) show
the SEM images of the sample surface before and after etching. The
etched thickness was about 300 nm. The sample surface before etch-
ing exhibits no clear contrast except for the scratching lines, whereas
grain boundaries and voids are clearly observed after etching. Fig-
ure 4(c) shows the comparison of the AHE curves of the unetched
10 and 5 μm thick samples and the etched 5 μm thick sample. The
reduction of the coercivity for the unetched 5 μm thick sample com-
pletely recovers by etching. Moreover, the nucleation field is slightly
larger than that of the unetched 10 μm thick sample. This result
clearly shows that the magnetic property and magnetization rever-
sal process exhibit no degradation even in the thickness range of 5
μm when the surface damaged layer is removed. Thus, by combining
the FIB patterning and Ar ion etching, the elemental magnetization
events could be measured with keeping the magnetization reversal
process of a bulk Nd-Fe-B HD magnet. By reducing the AHE cross
area furthermore, the signal step height can be much larger, and
the physical nature of the elemental magnetization reversal events
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FIG. 4. (a) and (b) SEM images of the 5 μm thick sample surfaces before and after
Ar ion etching. (c) AHE curves of unetched 10 μm thick, unetched 5 μm thick, and
etched 5 μm thick samples.
will be unveiled by the stochastic analysis based on the Néel-Brown
model.26–30
IV. CONCLUSION
In this study, we have attempted to detect the elemental mag-
netization reversal events in a Nd-Fe-B hot-deformed magnet. For
this purpose, the micro-patterned magnet sample was fabricated by
means of the mechanical polishing and FIB patterning. The magne-
tization reversal of the sample was measured by AHE detection tech-
nique. Before the micro-patterning, the MOKE microscopy observa-
tion was performed for the c- and ab-planes, and the target size of the
micro-patterning was determined to be 10 μm in both thickness and
width. Subsequently, the sample was thinned down with carefully
evaluating the effect of the surface damaged layer. Consequently, any
deterioration of magnetic property was not found down to 10 μm
thick while the coercivity decreased at 5 μm thick. This reduction
of coercivity, however, was completely recovered by removing the
surface damaged layer. The micro-patterned AHE cross sample was
fabricated without showing any deterioration of magnetic property
due to FIB damage. Discrete steps were observed on the AHE curve
for the sample with 13 μm AHE cross width. Thus, we have success-
fully demonstrated to detect the elemental steps of magnetization
reversal of the Nd-Fe-B hot-deformed magnet. Further reductions
of sample thickness and AHE cross width will make the step signal
much larger, and the physical nature of the magnetization reversal
events will be analyzed in detail.
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